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The effects of martensitic transformation on microstructural hydrogen distribution in a multiphase 
transformation-induced plasticity (TRIP) steel were investigated using silver decoration before and after cooling 
and cryogenic thermal desorption spectroscopy (C-TDS) during cooling. Transformation-induced hydrogen 
effusion occurred; however, there was a significant difference between the temperature of the peak hydrogen 
desorption rate and the start temperature of the martensitic transformation, in contrast to the findings of a previous 
study on fully austenitic steels. Furthermore, the silver-decoration experiment clarified that martensitic 
transformation caused a significant increase in local hydrogen flux and accordingly enhanced the heterogeneity of 
the hydrogen distribution, which originates from the transformation-induced hydrogen effusion observed in the 
C-TDS analysis. 
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1. Introduction
Microstructural hydrogen distribution is key to discussing the underlying mechanism of hydrogen 
embrittlement [1] because the local quantity of hydrogen controls the hydrogen-assisted cracking behavior. In this 
regard, the multiphase microstructures show complex hydrogen embrittlement mechanisms owing to their 
heterogeneous hydrogen diffusivity and solubility, and the presence of various types of microstructural interface 
[2, 3]. Accordingly, kinetically and spatially resolved hydrogen-mapping techniques have been developed, e.g., 
silver decoration [4, 5], scanning electrochemical microscopy [6], and scanning Kelvin probe force microscopy [7, 
8]. 
Another important factor that markedly affects the hydrogen distribution at ambient temperature is martensitic 
transformation. This diffusionless structural change dramatically alters the local diffusivity and solubility of 
hydrogen [9, 10] resulting in microstructural hydrogen redistribution. In this context, we previously developed a 
method for detecting hydrogen effusion associated with martensitic transformation; more specifically, mass
spectroscopy was used to detect hydrogen effusion during cooling below ambient temperature. As a result, we 
successfully detected hydrogen effusion at the starting temperature for martensitic transformation (Ms) from 
-martensite and/ -martensite [11, 12]. 
In this study, we consider one of the practical steel microstructures, multiphase steel containing metastable 
retained austenite. The pre-existing martensite/bainite provides high yield strength, and the metastable retained 
austenite results in transformation-induced plasticity (TRIP), which provides high tensile strength and uniform 
elongation [13, 14]. The multiphase TRIP steel has the drawback of hydrogen-induced mechanical degradation 
[15-19]. As mentioned above, the multiphase microstructure results in a pre-existing heterogeneous hydrogen
distribution, which is further complicated by the strain-dependent TRIP phenomenon. To understand the 
strain-dependent hydrogen distribution, we must investigate three steps of hydrogen effusion and diffusion: before, 
during, and after the martensitic transformation. We present a strategy for the detection of hydrogen effusion in 
these three steps using cryogenic thermal desorption spectroscopy and silver-decoration techniques. 
 
2. Material and Methods 
2.1 Material 
A sample of transformation-induced plasticity (TRIP) steel with a chemical composition of 
Fe-0.21C-1.50Si-4.94Mn-0.005P-0.0016S-0.032Al-0.002N-<0.001O (mass%) was received. Some further details 
on the steel have been reported elsewhere [20]. The steel bar was heat-treated as shown in Fig. 1: it was first 
solution-treated at 800 °C for 1200 s and subsequently N2 gas-quenched to obtain a fully martensitic 
microstructure. The solution-treated bar was intercritically annealed at 680 °C for 1200 s where the microstructure
consists of tempered martensite and reversion austenite. The annealed bar was held at 300 °C for 1000 s for C 
partitioning to stabilize austenite and then N2 gas-quenched, forming a tempered martensite/bainite/retained 
austenite microstructure. The retained austenite transforms into martensite during deformation, resulting in the
TRIP effect [21, 22]. The Ms of the retained austenite was measured to be -32 °C using differential scanning 
calorimetry at a cooling rate of 20 °C/min. In addition, a commercial tempered martensitic steel 
(Fe-0.31C-1.64Si-0.75Mn-0.009P-0.0004S), which is stable at low-temperature conditions, has been used as a 
reference material.  
 
 
Fig. 1 History of the heat treatment to produce the multiphase TRIP steel. 
 
2.2 Microstructure Characterization 
The as-annealed microstructure was studied using scanning electron microscopy (SEM) at an acceleration 
voltage of 15 kV. The specimen for the SEM observation was mechanically polished and subsequently etched with 
an ethanol solution containing 5% HNO3. In addition, the residual austenite fraction before and after cooling to 
-196 °C was determined by X-ray diffraction (XRD) measurements conducted at 40 kV and 20 mA, with a 
scanning speed of 1.0°/min, a sampling interval of 0.05° and a Co K  target. The specimens for the XRD 
measurements were mechanically polished and then chemically polished using a mixture of 2 ml 55% HF and 18 
ml 30% H2O2. 
 
2.3 Hydrogen Detection and Visualization 
Silver-decoration experiments [23] in the TRIP steel specimens with and without the pre-cooling to -196 °C 
were carried out to study the hydrogen distribution before and after thermally induced martensitic transformation. 
The specimen geometry for the silver-decoration experiments was a disc of 8 mm diameter × 0.4 mm thickness. 
The specimens were first mechanically polished and then chemically polished with the above mentioned solution 
for chemical polishing. The chemically polished specimens were mechanically polished again with colloidal silica 
to obtain a clean and flat surface. After the mechanical and chemical polishing, two as-annealed specimens for the 
silver-decoration experiments were charged with hydrogen at 25 °C and 10 A/m2 for 1 hour in an aqueous solution 
of 3% NaCl + 3g/L NH4SCN with a platinum wire as a counter electrode. After the hydrogen charging, one of the 
specimens was immersed in liquid nitrogen (-196 °C) to induce a -  martensitic transformation from retained 
austenite. The specimens with and without the pre-cooling were immersed in an aqueous solution of 4.3 mM 
Ag[K(CN)2] for 30 min. The silver-deposited surface was observed by SEM. The diffusible hydrogen content, 
defined as cumulative hydrogen content from ambient temperature to 500 °C, in a specimen without the 
pre-cooling was measured by thermal desorption spectroscopy (TDS) at a heating rate of 400 °C/h. The specimen 
geometry and preparation procedure for the TDS measurement were the same as those for the silver-decoration 
experiment. 
Cryogenic TDS (C-TDS) was carried out at a cooling rate of 60 °C/h to detect hydrogen desorption during the 
martensitic transformation [11, 12]. The specimen geometry was a disc of 8 mm in diameter and 0.5 mm in 
thickness. The specimen was chemically polished with the same solution mentioned above and subsequently 
mechanically polished with colloidal silica. The polished specimen was hydrogen-charged in a solution of 0.1 N 
NaOH at 30 °C for 72 hours. 
3. Results
3.1 Microstructural Characterization 
Figure 2(a) shows an SEM micrograph of the as-annealed microstructure of the TRIP steel. The well-etched 
regions, which appear dark, correspond to retained austenite, and the other regions consisted of tempered 
martensite and bainite. On the basis of the digitalized SEM image shown in Fig. 2(b), the retained austenite 
fraction was determined to be 26%. To determine the retained austenite fraction over a larger region, XRD 
measurements were carried out, as shown in Fig. 3. The retained austenite fraction in the as-annealed specimen 
was 24%, which is consistent with the microstructure-based measurements. Pre-cooling to -196 °C reduced the 
retained-austenite fraction to 8% because of the thermally-induced martensitic transformation. 
 
 
Fig. 2 (a) SEM image of the as-heat-treated specimen after chemical etching. (b) Corresponding digitalized image.
 
 
Fig. 3 XRD profiles taken in the specimen °C. 
 
3.2 Hydrogen distribution before and after thermally induced martensitic transformation 
Figure 4 shows a TDS profile after hydrogen charging, from which the diffusible hydrogen content was 
determined to be 2.41 mass ppm. The results of silver-decoration experiments conducted with the same hydrogen 
charging conditions are shown in Fig. 5. Specimens both without and with pre-cooling showed silver deposition, 
but the quantity, distribution, and size of the silver particles significantly changed by the pre-cooling, as listed in 
Table 1. Both the area fraction of the silver-deposited region and particle size in the pre-cooled specimen were 
larger than those of the specimen without pre-cooling. We could not find a specific correlation between the 
silver-deposition position and surface microstructure, probably because the microstructure underneath the surface 
also affects the silver-deposition behavior. 
 
 
Fig. 4 Hydrogen desorption rate plotted against temperature after hydrogen charging at 10 A/m2 for 1 hour in a 
solution of 3% NaCl + 3g/L NH4SCN. 
 
Fig. 5 SEM images of silver-deposited surfaces in the specimen (a) without and (b) with pre-cooling. (a , b ) 
Corresponding digitalized images.
 
To statistically analyze the silver distribution, the digitalized images were divided into 900 × 900 nm2 squares 
as shown in Fig. 6 and the local silver-deposition characteristics were analyzed by measuring the area fraction of 
the silver-deposited regions in each square. Figure 7 shows the distribution of local silver-deposited area fractions. 
Silver-particle area fractions ranging from 0% to 1% were observed the most frequently in the specimen without 
pre-cooling, and the number of squares with area fraction exceeding 1% was much lower. In addition, the number 
of silver-particle area fractions over 5% was markedly low. These findings indicate that the scatter of local silver 
area fraction, which corresponds to the hydrogen effusion heterogeneity, is less than 5%. The most prevalent
silver-particle area fraction in the pre-cooled specimen was also found to be around 1%, similar to the case 
without pre-cooling. However, the prevalence of silver-particle area fractions less than 5% was significantly lower 
in the pre-cooled specimen than in the one without pre-cooling. Instead, a significant number of silver-particle 
area fractions greater than 5% were observed in the pre-cooled specimen, indicating that the silver particles, and 
thus hydrogen, were distributed more heterogeneously in the pre-cooled specimen than the non-pre-cooled one. 
Since the difference in the specimens with and without pre-cooling is whether martensite forms from the retained 
austenite, the observations here are attributed to cooling-induced martensitic transformation. 
 
 
Fig. 6 Squares of 900 × 900 nm2 overlapped on the digitalized images of the silver-deposited surface in the 
specimens (a) without and (b) with pre-cooling that correspond to Figs. 5 .  
 
 
Fig. 7 Number of squares with the respective area fractions of silver-deposited regions obtained from the meshed 
images shown in Fig. 6 (Total number of 900 × 900 nm2 square is 750 for both cases.). (Online version in color) 
 
3.3 Hydrogen desorption during thermally induced martensitic transformation 
Figure 8 shows a C-TDS profile during cooling of a tempered martensitic steel sample that shows no 
martensitic transformation. Similarly to the findings of a previous study [11], no transformation-related peak was 
observed for the tempered martensitic steel. The results for the multiphase TRIP steel with the same 
hydrogen-charging conditions as for the tempered martensitic steel are presented in Fig. 9. 
 
Fig. 8 Hydrogen-desorption profile during cooling from 20 to -200 °C of a tempered martensitic steel. Total 
cumulative hydrogen content during cooling was measured to be 0.157 mass ppm. (Online version in color) 
 
It is noteworthy that a peak in the hydrogen desorption rate appeared during cooling of the TRIP steel, as 
shown in Fig. 9(a). The primary difference between the tempered martensitic steel and multiphase TRIP steel that 
could have an effect during cooling is the presence of retained metastable austenite. Therefore, the peak appearing 
in Fig. 9(a) is attributed to the martensitic transformation. This behavior in the C-TDS is similar to previous 
results for austenitic steels [11, 12]. The main difference from the austenitic steel  results is a mismatch between 
the peak temperature and the Ms (-32 °C); the peak temperature in the hydrogen-desorption profile of the TRIP 
steel is 30 °C lower than the Ms (Fig. 9(b)). A factor causing the difference between the peak position and the Ms
could be the time for heat transfer from the bottom to the top surfaces of the specimen. In this experiment, the 
specimen was heated from the specimen bottom surface, and the measured temperature was the one on the 
specimen bottom surface as indicated by a schematic illustration in Fig. 9(c) (inset). Therefore, there must be a 
temperature gradient between the top and bottom specimen surfaces, in which the maximum temperature is on the 
specimen bottom surface. Moreover, since its major constituent crystallographic structure is body-centered cubic, 
hydrogen diffuses deeper into the TRIP steel specimen than austenitic steels during the hydrogen charging. Thus, a
gradual transformation during heat transfer can cause broadening and shifting of the peak. Another factor is the 
intensity of the peak; the peak height and width in Fig. 9(b) are approximately 10-4 mass ppm min-1 and 10 °C.
The slope of the hydrogen desorption curve above -60 °C is -2×10-5 mass ppm [min °C]-1 or higher as shown in 
Fig. 9(c). Therefore, a temperature decrease of 10 °C causes a larger change in the hydrogen desorption rate 
compared to the transformation effect, which may obscure the appearance of the peak. The combined effect of 
these factors is a possible cause of the difference between the peak position and the Ms. Although there is still 
some uncertainty in the interpretation of the C-TDS results, our findings indicate: (1) occurrence of 
transformation-induced hydrogen effusion and (2) that the hydrogen effusion continued even after the occurrence 
of the martensitic transformation. 
 
Fig. 9 (a) Hydrogen-desorption profile during cooling from 20 to -200 °C in the TRIP steel, and (b) a 
magnification of the profile. (c) Another magnification of the profile around the Ms. The inset in (c) shows a 
schematic of the setup of the specimen and heating stage. Total cumulative hydrogen content during cooling was 
measured to be 0.217 mass ppm. (Online version in color) 
 
 
4. Discussion: Hydrogen heterogenization process 
Based on the C-TDS and silver decoration results, we present an overview of the hydrogen redistribution 
process and associated silver-deposition behavior as schematically shown in Fig. 10. When hydrogen is 
introduced into a specimen, a higher amount of it is present in retained austenite than in pre-existing tempered 
martensite and/or bainite because of the higher solubility of hydrogen in austenite (Fig. 10(a)). According to 
previous studies [3, 24], without supersaturation of hydrogen, the highest flux of hydrogen was observed on the 
surfaces consisting of martensite surrounding austenite (Fig. 10(b)), which resulted in preferential silver 
deposition on the martensite regions of the specimen  surface rather than on the austenite regions (Fig. 10(c)) . 
Therefore, the non-pre-cooled specimen without supersatuaration of hydrogen would follow the same process. On 
the other hand, the pre-cooling causes supersaturation of hydrogen in the fresh martensite transformed from 
retained austenite. The supersaturation promotes hydrogen diffusion from the fresh martensite to neighboring
pre-existing tempered martensite/bainite or to the surface (Fig. 10(d)), which assists hydrogen effusion as detected 
in the C-TDS analysis, shown in Fig. 9. In other words, the pre-cooling accelerates hydrogen effusion with an 
enhanced heterogeneity of hydrogen flux, and thus the silver-deposition behavior also appears to be heterogeneous
(Fig. 10(e)) as demonstrated in Figs. 6 and 7. It is noteworthy that the microstructure beneath the surface, rather 
than surface microstructure, is the key factor influencing the hydrogen flux, and therefore, the hydrogen flux and 
associated silver-particle distribution would not have a clear correlation when the microstructure is fine and 
heterogeneous like in the present multiphase TRIP-steel. In this context, complementing the present 
characterization strategy by three-dimensional microstructure analysis would be useful to reveal the effects of the 
underlying microstructure on hydrogen kinetics and distribution in fine multiphase TRIP steels. 
 
 
Fig. 10 Schematic of the change in hydrogen diffusion and associated change in flux: (a) hydrogen inside the 
specimen near the end of hydrogen charging, (b) and (d) hydrogen distribution after hydrogen diffusion to the 
specimen surface immediately after hydrogen charging in the specimens without and with pre-cooling, 
respectively, and (c) and (e) subsequent increase in local hydrogen flux in the specimens without and with 
pre-cooling. The size of the arrows indicates the hydrogen flux. (Online version in color) 
 
4. Conclusions 
In this study, we attempted to develop a characterization strategy to investigate the hydrogen effusion before, 
during, and after thermally induced martensitic transformation. A silver-decoration technique was coupled with 
C-TDS during cooling. The silver-decoration experiments before and after cooling enabled characterization of the 
effect of transformation on hydrogen distribution, while the C-TDS during cooling could detect 
transformation-induced hydrogen effusion in the multiphase TRIP steel, which could provide a reason why the 
martensitic transformation causes the variation in hydrogen distribution observed in the silver-decoration 
experiment. In the case of the multiphase TRIP steel, the C-TDS during cooling clarified the occurrence of 
transformation-induced hydrogen effusion. Accordingly, pre-cooling causes transformation-induced hydrogen 
redistribution from fresh martensite to neighboring pre-existing tempered martensite/bainite, which increases the 
microstructure-scale heterogeneity of the hydrogen flux distribution.  
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